Non-uniform heat flux generated by microchips can create "hot spots" in localized areas on the microchip surface. This research presents an improved design of an active cooling electro-osmotic flow (EOF) based micro-pump for hot spots thermal management. The design of the micro-pump was simpler and more practical for the application compared to designs presented in literature.
INTRODUCTION
Thermal management of high heat intensity hot spots in microchips was studied in literature [1] [2] [3] [4] . A few designs introduced a micro-channel heat exchanger that uses a cooling fluid for heat removal. In these designs, there was a need for a pump to circulate the cooling fluid. Some designs implemented the conventional pressure driven flows using mechanical pumps. A recent study by Chiu et al [2] is an example for such a pressure driven system. However, a more reliable and space efficient approach is to drive the cooling fluid using electroosmotic flow (EOF) under atmospheric conditions; where fluid flow is maintained by applying an electric voltage between the inlet and the outlet of the micro-channels. Laser et al [1] used EOF to drive the cooling fluid in a silicon based micro-channel heat exchanger.
EOF is based on the phenomena that solid surfaces acquire a charge when they are brought into contact with an aqueous solution. This charge will attract the counter ion from the cooling fluid toward the surface and repel co-ions away from it. The concentration of counter ions in the fluid bulk will be lower than that of co-ions. When an electric field is applied to the fluid a bulk motion of the fluid will be initiated leading to EOF [5] .
Most EOF pumps that were used for thermal management of microchips were silicon based devices. Silicon has high thermal conductivity and its machining techniques are very well established, but silicon fabrication is time consuming and includes multi-step fabrication processes. In the current study a PDMS cover containing the fluid flow micro-channels was casted, and then it was bonded to a silicon substrate which was coated with a 1 µm SiO 2 layer. In this design, the channel surface was significantly smooth and 3-sides of it were fabricated from PDMS, the 4 th side which can be attached to the heat source was silicon. The PDMS enhances the zeta potential of the micro-channel walls leading to a higher flow rate of cooling fluid. This design combines the favorable heat transfer properties of silicon and the easier fabrication and smoother charged walls of the PDMS channels.
EOF micro-pumps have been reported with different designs and flow rates. Chen et al [6] designed a single channel EOF micro-pump that achieved a maximum flow rate of 3.5 µL/min at 3 kV of applied EOF voltage. Chujo et al [7] , designed a multiple-channel micro pump. The channels were silicon etched using TMAH wet etching. The channels were coated with a 0.1µm of silicon dioxide. The silicon etched micro-channels were bonded to a glass cover. Different channel widths were considered in the study. The channel widths were 10, 30, and 100 µm. The micro-pump consisted of 33 parallel microchannels. The fluid used in the micro-pump was not mentioned in the paper. Chen et al [8] , designed a 1-, 2-, and 3-stage pumps using fused-silica capillary columns. The columns were 10 cm long with a 320 µm inner diameter. The columns were connected in series, two columns for the 2-stage pump and three columns for the 3-stage pump. The fluid used was sodium dihydrogen phosphate buffer with a concentration of 2×10 -3 mol/ L.
METHODOLOGY
The micro-scale pump was fabricated using two major components. The flow channels were casted in PDMS which was the first component. An oxidized silicon substrate with a 1 µm thickness thermally grown silicon dioxide layer was the second component. As shown in Figure 1 , the two components were bonded after constructing the appropriate inlet and outlet reservoirs. The PDMS cover which contained the flow channels was fabricated using standard photolithography. An SU-8 master was fabricated by spin coating SU-8 2075 (MicroChem Corp., Newton, MA) over a 3" silicon substrate, where the spin time and speed were adjusted to achieve the desired channel depth.
After that, SU-8 was soft baked at 65 ˚C and 90 ˚C, for 10 and 20 min respectively. The substrate was aligned with a mask that has the same pattern and dimensions of the desired microchannels. The substrate was exposed to UV light then baked for 30 min followed by development using SU-8 developer (MicroChem Corp., Newton, MA).
The SU-8 master was used to cast the PDMS. PDMS was mixed and degassed using a vacuum dissector. The PDMS was then poured over the SU-8 maser in a petri-dish and cured over a hot plate at 80 ˚C for two hours. PDMS which had the flow channels casted into it was detached form the SU-8 master. Reservoirs, inlet, and outlet ports were cut into the PDMS cover. Subsequently, the PDMS cover was bonded to a 2" silicon substrate using plasma.
This design has many advantages over the conventional pumps used in micro-scale heat exchangers. In previous designs [1, 3, 9] , the flow channel where etched in silicon and usually the channels were sealed using a glass cover. Silicon fabrication is complicated and time consuming. Also the etching process leaves rough channel walls. The current design is easy to implement and needs less time to fabricate when compared to other designs. Moreover, wall roughness of the PDMS casted channel is much lower relative to silicon etched channel. Another advantage is that zeta potential of PDMS is higher than silicon as reported by Sze et al [10] . Flow velocity in micro-channels is proportional to zeta-potential. Increasing the flow velocity leads to an increase in the cooling fluid flow leading to a higher heat transfer.
The schematic of the experimental flow loop is shown in Figure 2 . The pump was connected to an EOF power supply and a micro-flow meter. The EOF voltage was applied to the inlet and outlet of the micro-pump using stainless steel tubes which also served as an inlet/ outlet flow conduits. The outlet reservoir discharged into a micro-flow meter ASL-1600 (Sensirion Inc., Westlake Village, CA). The outlet of the flow meter was connected to the inlet port of the pump using a tube and the appropriate fittings. This system is very well suited for closed-loop heat management systems where the flow is circulated from the heat exchanger to a heat rejection unit. A system designed by Jiang et al [11] is an example of a closedloop cooling system where an external EOF pump was used. Copyright © 2012 by ASME A photograph of the experimental flow loop is shown in Figure 3 . The photograph shows the micro-pump, the flow meter, tubing, and fitting. The EOF voltage was controlled through a computer-controlled high voltage power supply. The micro-flow meter was connected to the computer where the flow rate data was gathered.
Different cooling fluids were used to test the micro-pump performance. Deionized (DI) water, distilled water, 0.4 mM borax buffer, and 1% Al 2 O 3 nano-particles suspended in water were used. The size of the Al 2 O 3 nanoparticles was less than or equal to 50 nm. These solutions were commonly used in microchannel heat exchangers and they have similar viscosities. Borax buffer was used by Laser et al [1] , and Al 2 O 3 nanoparticles solution was used by Jung et al [9] .
RESULTS
The micro-pump was tested and the flow rate values were obtained at different operating voltages. The operating voltages (EOF voltages) were 100, 200, 300, 400, and 500V. For every EOF voltage value, instantaneous flow rate values were measured and averaged over the experiment time. Figure 4 shows the average flow rates versus the applied EOF voltages for different cooling fluids. A maximum flow rate of 31.2 µL/min was achieved by distilled water at 500 V of EOF voltage. Borax buffer had similar flow rates as distilled water with a maximum flow rate of 29.6 µL/min at 500 V of EOF voltage. DI water had the least flow rate among cooling fluids, with a maximum flow rate of 13.4 µL/ min at 500 V of EOF voltage. Al 2 O 3 nano-particles cooling fluid had a moderate flow rate with a maximum of 21.6 4 µL/ min at 500 V of EOF voltage. The flow rates achieved by this micro-pump were significantly higher (orders of magnitude) than the flow rates published in literature. Also it can operate at lower voltage levels which reduce the effects of joule heating and power consumption. Chen et al [8] designed a multi-stage EOF pump that achieved a maximum flow rate of 1.74 µL/ min at 5 KV of EOF voltage. Chujo et al [7] designed an EOF pump that achieved a maximum flow rate of 175 pl/ sec at 20 V of EOF voltage.
The flow rate can be related to the concentration of charged particles in the cooling fluid. The flow velocity in the electro-osmotic flow is dependent on the zeta-potential which occurs as a result of charged ions in the cooling fluid moving toward the channel wall which has an opposite charge. As the concentration of the charged ions in the cooling fluid decreases zeta potential decreases leading to a lower flow rate. Sze et al [10] reported a range of -68 mV to -110 mV of zeta potential for PDMS surfaces, in comparison with silicon having a zeta potential in the range of -25 mV [1] . DI water had the least charged particles and therefore the least flow rate when compared to distilled water, borax buffer, and Al 2 O 3 nanoparticles. Al 2 O 3 nano-particles solution had lower flow rate but it was capable of removing more heat when compared to pure water as shown in a study by Jung et al [9] .
DISCUSSION
In our recent study (Al-Rjoub et al [4] ), EOF flow showed better heat transfer performance when compared to pressure driven flow. The value of Nusselt number (Nu) was higher in the case of EOF flow. Figure 5 shows a comparison between Nu number values for EOF flow and pressure driven flow. Nu number for EOF was 5.4 at the entrance of the channel whereas it was 5.2 for the pressure driven flow. The increase in the value of Nu number leads to an increase in the heat transfer coefficient (h) for a specific fluid. As the heat transfer coeffiecnt increases the amount of heat tranferred increases leading to a better performance heat exchanger.
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Copyright © 2012 by ASME The higher flow rate achieved by the current PDMS based micropump design compared to the older silicon based designs [1] [2] [3] [4] ; which implemented silicon etching for most cases; can be related to many factors including the materials used for fabrication. The micropump design implemented PDMS castings; which lead to smoother channel walls compared to silicon-etched channel walls. Also PDMS surfaces have higher zeta potential when compared to silicon dioxide coated channels [10] . Smoother channel walls and higher zeta potential values increase the flow velocity leading to an increase in the flow rate. Al 2 O 3 nanoparticles particles were suspended in DI water. Also the solution was diluted using DI water. The presence of Al 2 O 3 nanoparticles changed the solution conductivity which increased compared to DI water. The current following though the Al 2 O 3 nanoparticles solution was higher than that of DI water for the same value of the applied voltage. The increase in the solution charge density elevated the value of zeta-potential leading to a higher velocity and flow rate.
The current design of the micro-pump can be part of a closed loop heat exchanger system. Also the pump can be designed to operate as a heat exchanger. A heater can be mounted at the bottom of the silicon substrate to simulate a hot spot on an integrated circuit surface. The system can be used with different cooling fluids utilizing the perferable properties of the EOF flow and the enhanced heat removal properties of the cooling fluids.
CONCLUSIONS
In this research a new EOF micro-pump design was introduced. The design was simple, easy to fabricate, and capable of achieving high flow rates. It implemented fabrication of channels using PDMS casting rather than silicon etching. The quality of channel walls was better when compared to silicon etching. Also, zeta-potential value for the channels was higher than the case of silicon.
Different cooling fluids were tested to determine their flow rates as a function of the applied EOF voltage. Distilled water had the highest flow rate of 31.2 µL/ min at 500 V of EOF voltage. DI water had the least flow rate of 13.4 µL/ min at the same EOF voltage. Although Al 2 O 3 nano-particles cooling fluid had a moderate flow rate with a maximum of 21.6 4 µL/ min at 500 V, it was proven to have higher heat transfer capabilities compared to water.
The EOF micro-pump can be used as a heat exchanger for thermal management of high heat intensity hot spots in microchips. Also, it can be used for sample transport in Lap-onchip and uTAS applications.
